Introduction
D-Amino acids are the enantiomers of L-amino acids, and it is long believed that only the L-enantiomers are present in higher animals. However, since the 1980s, several D-amino acids have been found in mammals including humans, and they are now being noticed as the candidates of novel physiologically active substances and/or the marker molecules of diseases. 1, 2) Especially, D-serine (D-Ser) and D-aspartic acid (D-Asp) have widely been investigated. D-Ser is thought to be a neuromodulator of the N-methyl-D-aspartate (NMDA) subtype of the glutamate (Glu) receptors in the brain, [3] [4] [5] and DAsp is reported to regulate hormonal secretion in various endocrine glands. [6] [7] [8] [9] While the amounts of other D-amino acids in mammals are low, and they have not been well investigated due to the lack of appropriate analytical methods.
For the determination of D-and L-amino acids, various chromatographic methods are reported and frequently used for the quantitative analysis of D-Ser and D-Asp in mammals. [10] [11] [12] [13] [14] [15] [16] [17] [18] However, in mammalian samples, around 20 extremely large peaks of the L-amino acids and hundreds of small unknown peaks due to peptides often co-elute with the D-amino acids, and most of the methods have limited sensitivity and selectivity for identifying and determining small amounts of D-amino acids in tissues and physiological fluids. For the determination of trace amounts of D-amino acids in mammals, we have established two-dimensional methods using micro-ODS and chiral columns in combination with sensitive fluorescence pre-column derivatization, and demonstrated that various D-amino acids are present in mammals. [19] [20] [21] [22] [23] [24] [25] [26] [27] In this article, I would like to introduce our current research on the two-dimensional determination of Damino acids in mammals and the study on their functions.
teinized in 20-fold volumes of MeOH on ice (in case of small tissues, larger volumes of MeOH were used) and centrifuged at 4500 g for 5 min. A portion of the supernatant was evaporated to dryness under reduced pressure at 40°C. To the residue, 20 ml of 200 mM Na-borate buffer (pH 8.0) and 10 ml of 20 mM NBD-F in dry MeCN were added and heated at 60°C for 2 min. After adding aqueous 2 or 5% trifluoroacetic acid (TFA) to terminate the reaction, an aliquot of this reaction mixture (1-5 ml) was subjected to the HPLC system.
HPLC System
For the selective determination, the 2D-HPLC system combining a micro-ODS column and a chiral column was used. This HPLC system consisted of two pumps, an injector, a column oven, two fluorescence detectors, two integrators, an on-line degasser and a column selection unit. These components were arranged as outlined in Fig. 2 with a micro-ODS column and a chiral column. A stainless steel loop was set in the column selection unit to connect the reversed-phase separation and chiral separation systems. On a micro-ODS column, the amino acids pre-column derivatized with NBD-F were separated from the other materials in the tissues and physiological fluids as DϩL mixtures. The fraction of the target amino acid was introduced to the loop by changing the valve position from A to B (Fig. 2) , and the isolated fraction was then introduced into a chiral column by changing the valve again (B to A). On the chiral column, the D and L enantiomers were separated and these NBD-D-and L-amino acids were then determined by their fluorescence at 530 nm with excitation at 470 nm. By using a micro-ODS column in the isolation step, the volume of the target amino acid fraction was reduced, therefore, the entire volume of the fraction could be introduced into the chiral column, and highly sensitive determination of D-amino acids could be performed without the loss of sensitivity due to the column-switching procedure. Figure 3 shows the 2D-determination of D-alanine (D-Ala) in the rat cerebrum. As shown in Fig. 3A , NBD-Ala was isolated from the other interfering substances by the micro-ODS column, and after the enantiomer separation by the chiral column, the highly selective determination of a small amount of NBD-D-Ala (about 1% of the L-enantiomer) could be carried out (Fig. 3B) .
Determination of D-Leucine (D-Leu)

21,22)
The two-dimensional determination of NBD-D-and L-Leu was carried out by using a Mightysil RP-18 GP (1.0 mm i.d.ϫ100 mm) as the micro-ODS column, and a Sumichiral OA-2500S (4.6 mm i.d.ϫ250 mm) as the chiral column. The separation conditions of both columns were investigated by changing the solvent compositions, organic solvents added to the mobile phase, ionic strength and flow rates. The selected mobile phase for the micro-ODS column was tetrahydrofuran (THF)-TFA-MeCN-H 2 O (1/0.02/32.5/66.5, v/v, flow rate 50 ml/min), and that for the chiral column was 2 mM citric acid in MeOH with the flow rate of 0.8 ml/min. Under these conditions, NBD-Leu was eluted within 20 min on the micro-ODS column, and the enantiomer separation of NBD-Leu was completed in about 30 min on the chiral column. This 2D-HPLC system was validated using the rat hippocampus. A calibration curve of D-Leu was constructed by the addition of known amounts of D-Leu to the supernatant obtained from a rat hippocampus, and a linear calibration line was observed from 1-1000 fmol (injection amount of spiked D-Leu) with the correlation coefficient of 0.9999. The within-day and day-to-day precisions were examined using a rat hippocampus sample (without adding D-Leu). The within-day precision was determined by derivatizing 5 portions within a day, and the obtained RSD was 5.11%. The day-to-day precision was determined by derivatizing the same sample on each day Figure 4 shows an example confirming the presence of D-Leu in the mouse hypothalamus. On the chromatogram, the peak observed at the retention time of NBD-D-Leu ( Fig. 4A ) decreased by increasing the enzymatic reaction period, and completely disappeared after a 2 h treatment with DAO, while the L-enantiomer was scarcely affected (Fig. 4B ). These results indicate that the presence of D-Leu in the hypothalamus was successfully confirmed by the treatment with this highly specific enzyme.
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Determination of D-Alanine
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D-Ala was also determined using a Mightysil RP-18 GP (1.0 mm i.d.ϫ100 mm) as the micro-ODS column, and a Sumichiral OA-2500S (4.6 mm i.d.ϫ250 mm) as the chiral column. The separation conditions for the micro-ODS column were THF-TFAMeCN-H 2 O (1/0.02/10/89, v/v) at the flow rate of 50 ml/min, and the mobile phase for the chiral column was 5 mM citric acid in MeOH at the flow rate of 0.8 ml/min. The retention time for NBD-Ala on the micro-ODS column is about 20 min, and those for NBD-D-and L-Ala on the chiral column were about 30 min. The HPLC system was validated using the rat cerebellum. The cerebellum is useful for the validation of this method, because the cerebellum is wellknown to contain low levels of D-amino acids. 19, 31) The calibration curve of D-Ala constructed by adding 5-5000 fmol of D-Ala (injected amount) to a rat cerebellum sample is linear with a correlation coefficient of 1.0000, and the slope of this calibration line is approximately the same as that for the standard D-Ala. The within-day and day-to-day precisions of the D-Ala determination obtained by the rat cerebellum sample spiked with 15 fmol of D-Ala are 3.9 and 4.8% (RSD), respectively. Figure 5A shows the chromatogram obtained for the rat anterior pituitary gland. As shown in this figure, the peak of NBD-D-Ala was clearly observed although the amount of D-Ala in this tissue is only 2.5% of that for L-Ala. Figure 5B shows another confirmation of the D-amino acid amounts using a chiral column of the opposite chiral center (in this case, Sumichiral OA-2500). Replacement of Sumichiral OA-2500S with Sumichiral OA-2500 (this column has the R conformation at the chiral center) leads to a reversal in the elution order of NBD-D-and L-Ala, strongly indicating the presence of D-Ala in the anterior pituitary gland. This concept is a very useful chromatographic proof to show the presence of D-amino acids in the tissues and physiological fluids. 22, 27) The micro-ODS column for the separation of NBD-Pro was a Mightysil RP-18 GP (1.0 mm i.d.ϫ150 mm), and a mixed solution of THF-TFA-MeCN-H 2 O (1/0.02/10/89, v/v) was used as the mobile phase at the flow rate of 50 ml/min. The analytical column for chiral separation was a Sumichiral OA-2500 (4.6 mm i.d.ϫ250 mm). The mobile phase was 2 mM citric acid in MeOH, and the flow rate was 1.2 ml/min. For the determination of D-Pro in the tissue samples, a chiral column of Sumichiral OA-2500 (4.6 mm i.d.ϫ500 mm) was used. The mobile phase was a mixed solution of MeCNMeOH (2/8, v/v) containing 2 mM citric acid, and the flow rate was 0.9 ml/min. This method was validated using the kidney and urine of a ddY/DAO ϩ mouse by checking the calibration lines, within-day precisions and day-to-day precisions. The calibration lines of D-Pro spiked into a mouse kidney sample and a mouse urine sample were linear with good correlation coefficients. The calibration line for the kidney was linear from 5-1000 fmol (rϭ0.9995); and that for urine was linear from 50-25000 fmol (rϭ1.0000). The within-day precisions of the D-Pro determination were 1.16 and 3.73% (RSD, nϭ5) for the kidney (20 fmol of D-Pro as an injection amount was spiked) and urine (intrinsic amount was measured), respectively, and the day-to-day precisions (5 d) were 4.39% (D-Pro, kidney) and 3.75% (D-Pro, urine). The typical chromatograms obtained for the urine of a ddY/DAO Ϫ mice are shown in Fig. 6 . The ddY/DAO Ϫ mouse is a mutant mouse strain lacking DAO activity, 32, 33) and the urinary excretion of large amounts of D-Pro in these mutant mice is (Fig. 7A) . After the isolation of the separated fractions (in the case of Thr and allo-Thr, the two fractions were manually collected), the enantiomers were separated by the chiral column. Under the conditions described above, the enantiomers of NBD-Thr, the enantiomers of NBD-allo-Thr and NBD-Gly (high concentration of Gly in biological samples always results in the contamination of a non-negligible amount of Gly into the fraction of NBD-alloThr) were clearly separated in about 45 min (Fig. 7B) . This method was validated using the rat cerebellum. The calibration lines of D-Thr and D-allo-Thr were linear from 2.5-5000 fmol with good correlation coefficients (rϭ1.0000 for both D-Thr and D-allo-Thr). The within-day and day-to-day precisions were investigated using a rat cerebellum sample spiked with 100 fmol (as injection amounts on the chiral column) of D-Thr and D-allo-Thr, and the obtained RSD values of 5 analyses were 1.99-5.29%. Figure 8 shows the chromatograms obtained for the rat urine. As shown in these chromatograms, small amounts of D-Thr and D-allo-Thr were clearly observed in the urine. were investigated. Concerning the distributions of D-Ser and D-Asp, they have been clearly summarized in other reviews. 1, 34) The amounts of naturally occurring D-Ala were determined in 22 tissues and plasma of male Wistar rats (9 weeks of age). The present method enables the sensitive and selective determination of D-Ala in mammalian tissues, and naturally occurring D-Ala could be determined in all tissues examined as shown in Table 1 . Among the 22 tissues tested, the highest amount of D-Ala was observed in the anterior pituitary gland (86.4Ϯ9.9 nmol/g wet tissue (%Dϭ2.5) using Sumichiral OA-2500S, 87.5Ϯ9.4 nmol/g wet tissue using Sumichiral OA-2500); which is 6 times higher than that observed in the posterior pituitary gland (14.7Ϯ2.5 nmol/g wet tissue, %Dϭ0.6). The second highest amount of D-Ala was observed in the pancreas (29.2Ϯ5.0 nmol/g wet tissue, %Dϭ1.3). The amounts of D-Pro were determined in 7 brain tissues, 11 peripheral tissues, the plasma and urine of mice (ddY/DAO ϩ strain was used because this strain shows a high DAO activity like other higher animals). Although the amounts of D-Pro in the tissues are low, relatively high amounts were observed in the pituitary and pineal glands in the brain, and in the pancreas and testis in the periphery. Anatomical distribution of D-Leu in the brain of mice was also investigated and found that the amounts of D-Leu in the pituitary and pineal glands were slightly higher than those in the other brain areas. Concerning D-Thr and D-allo-Thr, we could not detect these two D-amino acids in all the tested peripheral tissues; they are localized to the frontal brain areas (cerebrum and striatum). Of special note, the amounts of Dallo-Thr are higher than those of D-Thr, suggesting that the reversal of the chiral center at the a-carbon of L-Thr predominantly occurs in mammals.
Determination of D-Proline (D-Pro)
D-Alanine and Biological Rhythms
D-Ala shows clear postnatal changes and day-night changes. 19, 23) Using rats of 4-45 weeks of age, we investigated the postnatal changes in the D-Ala amounts in the 7 tissues and plasma. The tested tissues included the cerebrum, cerebellum, anterior pituitary gland, posterior pituitary gland, pineal gland, pancreas and adrenal gland. The results are summarized in Fig. 9 . In all the tested tissues, the amounts of D-Ala reached the maximum at 6 weeks of age and gradually decreased thereafter. At any age, the highest amount of D-Ala was observed in the anterior pituitary gland, and the second highest amount was observed in the pancreas. These results suggest that D-Ala has some yet unknown physiological functions in these two endocrine glands. The day-night changes in the D-Ala amount in the anterior pituitary gland were also investigated during the day. As shown in Fig. 10 , the amounts of D-Ala in the anterior pituitary gland show a clear circadian rhythm. The levels of D-Ala are approximately 3 times higher during the daytime than those during the nighttime, and these circadian changes were observed for both the rats of 6 and 9 weeks of age. The physiological meanings of these D-Ala rhythms and the regulation mechanisms are the subjects of further investigation.
Effect of D-Amino Acid Oxidase on the Amounts of DAmino Acids
D-Amino acid oxidase (DAO, EC. 1.4.3.3), which catalyzes the oxidative deamination of D-amino acids to form the corresponding a-keto acids, is one of the major regulatory pathways of D-amino acids. 30) This enzyme is widely observed in mammals, and most of the wild type animals have DAO in the kidney, liver and brain. 35) Therefore, the naturally occurring D-amino acids in mammals are frequently diminished by the DAO, and it is important to clarify the D-amino acid amounts in the absence of any DAO activity as well as to investigate the effects of DAO on their amounts. The amounts of D-amino acids represent the mean values (nmol/g wet tissue or ml); a) the amount was measured in whole pituitary gland; n.d., not detected (lower than the detection limit); -, not tested. Ϫ and ddY/DAO ϩ mice. As shown in Fig. 11A , the amounts and distributions of D-Asp in the brains of both strains are almost the same, and relatively large amounts of D-Asp were observed in the pineal gland. D-Asp is an acidic D-amino acid, and it is oxidized by D-aspartic acid oxidase (DAspO), not by DAO, and the DAspO activity is reported to be almost equal in the ddY/DAO ϩ and ddY/DAO Ϫ mice.
36)
Therefore, it is likely that no significant difference in the DAsp amounts was observed between the two strains. Figure  11B shows the amounts of D-Ser in the brains of the two strains. In both strains, large amounts of D-Ser were observed in the frontal brain areas such as the cerebrum and hippocampus, while the amounts were low in the pituitary and pineal glands. In the cerebellum and medulla oblongata, a clear difference was observed between the ddY/DAO ϩ and ddY/DAO Ϫ mice; large amounts of D-Ser were observed only in the mutant ddY/DAO Ϫ mice. High DAO activities are present in the cerebellum and medulla oblongata of the ddY/DAO ϩ mice 37) ; the amounts of D-Ser in these tissues are, therefore, diminished by DAO. On the other hand, the amounts of D-Ser in the tissues of the ddY/DAO Ϫ mice remained unchanged. Therefore, our results that large amounts of D-Ser were observed in 5 brain areas (cerebrum, hippocampus, hypothalamus, cerebellum and medulla oblongata) of the ddY/DAO Ϫ mice suggest that the accumulation of D-Ser occurs in widespread areas of the mouse brain. ϩ mice in all the tested brain areas. A clear difference was also observed in the tissues showing no DAO activity, such as the cerebrum and hippocampus, therefore, the difference would be caused by the DAO activity in the whole body (mainly in the kidneys), and by the difference in the D-Ala levels in the serum (8.8Ϯ1.4 nmol/ml in the ddY/DAO ϩ mice, and 134.6Ϯ16.5 nmol/ml in the ddY/DAO Ϫ mice). 31) Up to now, several reports have been published concerning the amounts of D-Asp, D-Ser and D-Ala in the cerebrum and cerebellum of the ddY/DAO ϩ and ddY/DAO Ϫ mice, 39, 40) and our results are consistent with these reports. Figures 11D and 11E show the results for DLeu and D-Pro. Because the amounts of D-Leu and D-Pro in mammalian tissues are extremely low, our reports are the first cases to show the detailed distributions of these D-amino acids in the mammalian brain. 22, 25) Both D-Leu and D-Pro are good substrates of DAO, 38, 41) 26) Certain kinds of foods, beverages and intestinal bacteria contain D-amino acids in relatively large amounts, 42) and these exogenous D-amino acids are proposed to be one of the major origins of D-amino acids in mammals. Therefore, the amounts of D-Asp, D-Ser, D-Ala, D-Leu and D-Pro in the rat brain were determined at 0, 3, 5, 15, and 60 min after the intravenous administration of the five D-amino acids (Fig. 12) . The amount of D-Asp markedly increased in the pineal gland; it reached approximately 5000 nmol/g wet tissue 3 min after the administration, and then gradually decreased (Fig. 12A) . The amount of D-Ser increased in the pituitary and pineal glands 3 min after the administration, and the levels did not significantly change until 60 min (Fig. 12B) . Remarkable increases in the D-Ala levels were also observed only in the pituitary and pineal glands 3 min after the administration, but decreased to almost the control levels at 60 min (Fig. 12C) . The D-Leu amounts increased in all the brain regions (Fig.  12D) , while notable increases in the D-Pro amounts were observed only in the pituitary and pineal glands (Fig. 12E) . These results clearly indicate that each D-amino acid is regulated in a different manner, which should be investigated in the future. 27) As described above, we found that ddY/DAO Ϫ mice excrete large amounts of D-Pro into their urine (Fig. 6, about 20 times that of L-Pro). While, in the ddY/DAO ϩ mice having a high DAO activity, the urinary excretion of D-Pro is only 5% of that in the urine of the ddY/DAO Ϫ mice. These findings strongly suggest that in the absence of DAO activity, a large amount of D-Pro is present in mammals, and also suggest that the D-Pro is metabolized by the enzyme in the wild type animals. Using the ddY/DAO Ϫ mice, the origin of this urinary D-Pro was investigated. As the origin of the free D-amino acids in mammals, intestinal bacteria, diet and biosynthesis have been reported, 1, 2) and the intestinal bacterial origin of DPro was investigated using the ddY/DAO Ϫ mice having a germ-free status, as well as inoculating them with typical intestinal bacteria. Figure 13 shows the chromatograms obtained using a germ-free mouse (Fig. 13A) , a di-associated mouse (Fig. 13B , inoculated with two gram negative bacteria, Escherichia coli, and Bacteroides vulgatus) and a tetraassociated mouse (Fig. 13C, inoculated with Bifidobacterium longum and Eubacterium aerofaciens in addition to the 2 bacteria described above). As shown in Fig. 13 
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Conclusion
In the present article, we demonstrated that various Damino acids of small amounts are present in mammals using highly sensitive and selective two-dimensional HPLC. These D-amino acids show particular distributions and alterations in their amounts. The findings described in the present study strongly suggest that each D-amino acid has some physiological roles in mammals, which should be clarified in the future. Other D-amino acids that have not yet been investigated might present in mammals with some physiological functions and/or diagnostic values, and further advances in the analytical methods in combination with biochemical and clinical approaches are highly expected. 
